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Notation

d .......... projectile diameter

dh ......... equivalent single hole diameter of pressure wall
plate holes

dl’d2’d3 ... corrugated bumper repeating element distances

h ..., corrugation height in corrugated bumper

TR inner-pane thicknessrin glass windows system

L R mid-pane thickness in glass window system

By v outer-pane thickness in glass window system

R AEEE bumper plate thickness

By o pressure wall plate thickness; Lexgard panel thickness
tl’t2’t3 ... corrugated bumper panel thicknesses

Ad ......... damage area on pressure wall plate when 0=0°; internal

Lexgard panel damage area

Adl’AdZ normal, in-line pressure wall plate damage areas
Ap ......... presented area of impacting projectile
AS ......... rear-side pressure wall plate spall area
C .......... material speed of sound
D ... ... circular hole diameter
D . ....... elliptical hole minor diameter
min
D ..., elliptical hole major diameter
max
E .......... material modulus of elasticity
El’EZ ...... uni-directional ply tensile moduli
612 ........ uni-directional ply shear modulus
S ... stand-off distance between bumper plate and pressure
wall plate
Si ......... stand-off distance between inner and middle panes in a

triple-pane glass test specimen
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S ... stand-off distance between middle and outer panes in a

° triple-pane glass test specimen
Vo ooooooo initial impact velocity
o corrugation rise angle
eavg ....... average prediction error of regression equations
Ty o secondary debris cloud cone angle when §-0°
Yy Yg e normal, in-line debris cloud cone angles
Voo material Poisson’s ratio
V12,21 ..... uni-directional ply Poisson's ratios
Povniin i material mass density
O o standard deviation of average regression equation
prediction errors
6 ... initial impact trajectory obliquity
61,02 ...... normal, in-line debris cloud trajectory
9n ......... debris cloud trajectory Qhen 6=0°
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SECTION ONE -- INTRODUCTION

1.1 Background Information

All large spacecraft are susceptible to impacts by meteoroids and
pieces of orbiting space debris. These impacts occur at extremely high
speeds and can damage flight-critical systems, which can in turn lead to
catastrophic failure of the spacecraft. To date twenty-six impact craters
have been found on Space Shuttle Orbiter wigdows [1.1]. Other impact craters
have been found on the Shuttle’s heat resistant tiles. A preliminary exami-
nation of the recently recovered LDEF satellite revealed hundreds of cra-
ters, pits, and holes. While it is not precisely known how many of these are
due to orbital debris impacts and how many are due to meteoroid impacts, the
susceptibility of earth-orbiting spacecraft to high-speed impacts is clearly
evident. Naturally, the susceptibility of such spacecraft increases with
increased mission duration. Therefore, the design of a spacecraft for a
long-duration mission must take into account the possibility of such impacts
and their effects on the spacecraft structure and on all of its exposed

subsystem components.

In order to successfully design a spacecraft for a mission into the
meteoroid and space debris environment, it is necessary to be able to
characterize the response of a variety of structural materials under such
high speed impact loadings. With the advent of many new high-strength
composite and ceramic materials and their proliferation in aircraft applica-
tions, it has become necessary to evaluate theilr potential for use in long-
duration space and aerospace structural systems. In addition, with the
installation of windows for viewing and scientific purposes, the suitability

of various window materials for use in long-duration spacecraft must be
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evaluated. One aspect of this evaluation is the analysis of their response

to hypervelocity projectile impact loadings.

A spacecraft developed for a mission into the meteoroid and space
debris environment must include adequate protection against penetration of
habitable spacecraft components by such impacts. Traditional penetration-
resistant wall design for long-duration spacecraft consists of a bumper
plate that is placed at a small distance away from the main pressure wall of
the compartment or module. This concept was first proposed by Whipple [1.2]
and has been studied extensively in the last three decades as a means of re-
ducing the penetration threat of hypervelocity projectiles [1.3-1.18]. Dual-
wall configurations were repeatedly shown to provide significant increases
in protection against penetration by small high-speed projectiles over
equivalent single-wall structures. However, the recent proliferation of
large pieces ofrofbiting space debris has made it necessary to modify such
systems so ﬁhatrtﬁéy can resist peﬁeffétion by projecﬁiles with much higher
impact emergies. Novel design concepts that will possess increased levels of
protection must be developed for spacecraft that are to be launched into the
meteoroid and space debris environment. Design concepts that can increase
the protection afforded a long-duration spacecraft include corrugated

bumpers and multiple-bumper systems.

It has become evident that meteoroids and pieces of orbital space
debris are far frgﬁrspherical in shape; The densities of the various kinds
of meteoroids (icy, stony, iron) are also significantly different from the
densities of the various kind of orbital debris that exist in near-earth
orbit (pléstic, metallic, etc.): Additionally, the speeds at which meteor-

oids will impact a spacecraft (upward of 30 km/sec) are significantly dif-



ferent from the impact velocities of pieces of orbital debris (10 to 12
km/sec). Thus, the wall of a spacecraft destined for the meteoroid and space
debris environment must be versatile and must be able to resist penetration

under a wide variety of impact conditions.

1.2 Program Objectives

The work performed under the contract consisted of applied research in
the area of Environmental Effects with specific regard to the effects of the
particulate space environment on the candidate materials, design configura-
tions, and support mechanisms of long-term space flight vehicles. Research
was performed in the area of hypervelocity impact physics to analyze the
damage that occurs when a space vehicle is impacted by a micro-meteoroid or

a space debris particle.

Specifically, an impact analysis of over 500 test specimens was per-
formed to generate a Hypervelocity Impact Damage Database. The analysis
included the characterization of the effects of oblique impacts as compared
to normal impacts, the characterization of rear-side pressure wall spall
potential, the characterization of the effects of secondary debris genera-
tion, the characterization of the effects of non-spherical particle impacts,
and, where possible, the development of regression equations based on the
test data to predict hypervelocity impact damage. The Hypervelocity Impact
Damage Database developed as a result of the analyses performed during the
course of this investigation consists of the following information:

1. Test number;

2. Bumper plate hole dimensions;

3. Pressure wall penetrated? spalled?
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4. Equivalent pressure wall single hole diameter (if applicable);

5. Diameter of the three largest penetrated holes in the pressure
wall plate (if applicable);

6. Depth of the three deepest craters on the pressure wall plate
and corresponding surface diameters;

7. Total area of front-surface pressure wall plate damage;

8. Total area of rear-side pressure wall spall (if applicable);

\O

. Magnitudes of penetrating and ricochet debris cloud angles.
A cbmplete print-out of the Hypervelocity Impact Damage Database can be

found in the Appendix at the end of this report.

It is noted that the Hypervelocity Impact Damage Database developed in
this study must be used in conjunction with the MSFC/Boeing Phase B Test
Parameter Database. The MSFC/Boeing Database contains the material, geomet-
ric, and impact parameters for each test in the Hypervelocity Impact Damage
Database. Specifically, the MSFC/Boeing Database contains the following
parameter information:

1. Test number and date performed;

2. Particle velocity, diameter, material, and shape;

3. Angle of obliquity (impact angle);

4. Bumper plate material and thickness;

5. Pressure wall plate material and thickness;

76. Presence of MLI;

7. Stand-off distance.

This Final Report is divided into several sections. The next section,
Section Two, gives an overview of hypervelocity impact testing that has been

done at NASA/MSFC. Section Three discusses the phenomena associated with the



hypervelocity impact of dual-wall structures. A comparison of the effects of
hypervelocity impact on dual-wall structures made from different materials
is discussed in Section Four. In Section Five, the response of spacecraft
window materials to hypervelocity impact is considered. Section Six deals
with the response of dual-wall systems with corrugated bumpers, while Sec-
tion Seven considers the effects of projectile shape and materials on hyper-
velocity impact response. The response of multi-bumper systems Is discussed
in Section Eight. Conclusions and recommendations for future work are pre-
sented in Section Nine. Finally, the Appendix at the end of this report
contains a discussion and a print-out of the Hypervelocity Impact Damage

Database developed during the course of this investigation.
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SECTION TWO -- AN OVERVIEW OF THE HYPERVELOCITY IMPACT TESTING AT THE
NASA/MARSHALL SPACE FLIGHT CENTER

2.1 NASA/MSFC Hypervelocity Impact Testing

Hypervelocity impact testing began at the NASA/Marshall Space Flight
Center in 1964 with the installation of a light gas gun in what is now known
as the Materials and Processes Laboratory. The initial need and function of
the facility was to provide a means of simulating meteoroid impacts on
spacecraft and to provide the data required to determine the penetration
probability of candidate spacecraft wall designs by such impacts. In the
1970's, the interest in testing for protection against meteoroid impacts
declined. However, because of increased launch activity in recent years, a
new threat to the safety of earth-orbiting spacecraft has arisen -- the

threat of orbital debris impact.

Orbital debris impact testing began at NASA/MSFC in July, 1985 at the
Space Debris Simulation Facility of the Materials and Processes Laboratory
at the NASA/Marshall Space Flight Center. The facility consists of an in-
strumented two-stage light gas gun capable of launching 2.5 mm to 12.7 mm
projectiles at velocities of 2 to 8 km/sec. Projectile velocity measurements
are accomplished via pulsed X-ray, laser diode detectors, and a Hall photo-
graphic station. For a detailed description of the gun and its instrumenta-

tion, the reader is referred to Reference 2.1.

As of March 2, 1989, over 500 impact tests have been performed using
the NASA/MSFC light gas gun. Testing has been focused primarily on multiple
wall structures consisting of 'bumper’, ’'pressure wall’, and 'witness'
plates that were designed to simulate possible Space Station wall

configurations. Projectiles of aluminum, steel, lexan, and cadmium ranging
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in diameter from 3.175 mm to 12.7 mm have been fired at velocities ranging
from 2 to 8 km/sec. Test sample configurations have included single and
multiple bumper specimens employing a variety of engineering materials,
including aluminum, Kevlar, graphite/epoxy, cadmium, and alumina, of various
thicknesses and spaced at various distances apart. Tests were performed with
and without multi-layer insulation (MLI) within the spacing between the
sacrificial bumper plates and the pressure wall plates in the test speci-
mens. Hypervelocity impact testing of window materials, such as Lexgard and
glass, and testing of simulated pressure bottlesrhave also been performed.
Although the majority of the testing has been performed normal to the plane

of the test specimen, a significant number of oblique impact tests have been l

performed as well.

This Section contains a series of tables and charts that summarize the
orbital debris impact testing pefformed at NASA/MSFC since 1985. The infor-
mation contained in these tables aAd charts is based on the MSFC/Boeing
Hypervelocity Impact Test Database dated March 2, 1989. This database con-
tains a detailed summary of test parameters and results for 540 hyﬁervelo-
city impact test firings. The parameters of the 540 test shots in the
database are presénted in Section 2.5.1. A réview of the NASA/MSFC Database
revealed that there were several errors in the values of certain impact and
geometric parameters. These errors are summarized in Table 2.1. The summary
tables and charts are presented in Sections 2.5.2 through 2.5.4 and are

described in the following Sectiomn. ’ H

2.2 MSFC/Boeing Hypervelocity Impact Test Database Summaries

A general summary according to impact test and configuration parameters




is presented in Section 2. 5.2. The test shots are grouped in broad
categories such as Impact Obliquity, Configuration, and Stand-off Distance.
Examination of these tables reveals several interesting features about

NASA/MSFC hypervelocity impact testing through March, 1989.

1) Very few shots have been fired above 7 km/sec. While this velocity
is near the upper limit of the velocities attainable by the light gas gun,
it is clear that more testing must be performed at these high velocities in
order to be able to even come close to duplicating the anticipated on-orbit

speeds of impact.

2) only a few shots have been fired using very large projectiles.
Although impacts by smaller pieces of orbital debris are more probable than
impacts by excessively large pieces, the effects of large particle impact
must be fully understood in order to decide whether or not such impacts can

be withstood by existing or newly-developed protective measures.

3) of the 540 test shots in the MSFC/Boeing database, approximately
two-thirds were fired normal to the plane of the test specimen. With the
increasing concern for the pollution of the orbital environment by the
secondary ricochet debris particles that are formed in an oblique hypervelo-
city impact, additional oblique impact testing is necessary, especially in
the high obliquity regime (ie. obliquities greater than 600), to fully

understand the damage potential of these secondary debris particles.

4) Nearly three-quarters of previous impact testing has been performed
on dual-wall (ie. single bumper) specimens with different kinds of aluminum
as the bumper and pressure wall plate materials. With the recent development

of many new high-strength materials, it is imperative that additional test-
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ing be performed with bumper plates made from materials other than aluminum.
Additionally, alternative configurations, such as double or triple bumpers
at stand-off distances other than 4 inches, should be performed in combina-
tion with bumper plates made from these new materials. The results from
these tests should aid in the selection of the materials and the geometric

configuration for the final Space Station structural wall design.

5) With the desire to install windows for viewing as well as for
scientific purposes in the Space Station Freedom, the need has arisen to
conduct more hypervelocity impact testing of window materials. Although some
preliminary testing of Lexgard and glass has been performed, more tests are
needed in order to fully understand the response of a variety of window
materials to hypervelocity impact loadings. This information can be used to
determine the protection level required to ensure the safe operation of the

windows that are installed in the Space Station Freedom.

6) Although a large number of tests have been performed with MLI
between the bumper and pressure wall plate, there still exists an uncer-
tainty as to whéther or not the advantages of using MLI outweigh the dis-
advantages, from a hypervelocity impact response viewpoint. Additional tests
must be performed to determine the effects of MLI under the full range of

particle sizes and impact velocities.

7) All but thirteen of the tests listed in the MSFC/Boeing Database
have been performed using spherical projectiles. While this has been done
mainly for reasons of consistency and repeatability, it is clear that
orbital debris particles are not round, but are rather jagged with varying

length-to-diameter ratios. Additional testing must be performed using non-
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spherical projectiles in order to be able to extrapolate the response of a
structure under spherical projectile impact to a structure that is impacted

by a non-spherical projectile.

Section 2.5.3 contains a series of charts that detail the distribution
of the single bumper test shots. Only single bumper testing was considered
in the development of these charts and tables because of the relative scar-
city of multi-bumper testing and the increased number and complexity of test
parameters that describe such test shots. The test and configuration param-
eters for the single bumper shots are defined on the first page of Section
2.5.3. Any deviations from these baseline parameters are signified with a

footnote. A footnote legend is provided on the first page in Section 2.5.3.

The charts categorize the test shots according to the presence of MLI,
the projectile diameter D, the impact velocity V, and the thickness of the
bumper plate. The number in the upper right hand corner of these charts 1is
a number that identifies the impact obliquity, velocity range, and spacing
for the test shots in a particular chart. For example, the number 45V23S4
implies that the test shots in that chart were all fired at 45 degrees with
velocities between 2 and 3 km/sec and that the target was a single bumper
specimen with a stand-off distance of 4 inches. A series of tables that
summarize the gaps in the hypervelocity impact testing of single bumper
specimens is presented in Section 2.5.4 D based on the detailed charts in

Section 2.5.3.

The information provided in these charts and tables is intended as a
guide in the selection of impact parameters for future hypervelocity impact

test firings. From Sections 2.5.3 and 2.5.4, it is evident that a large

11
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number of test shots are required to close the gaps in the existing test
database. The suggestions made earlier in this section should serve to fill

in a number of these gaps and greatly improve the practical applicability of

the existing test database.

2.3 Summary and Conclusions .

An eétenéive pfogram of spacecraft matériais testing and evaluation
under h&perveloéity prbjéctile impact has %eén underway at the NASA/Marshall
Space Flight Center since its inception over two decades ago. Récent efforts
have focused on the evaluation of structural wall configurations for the
Space Station Freedom.rAlthough an extensive test database has been estab-
1i§hed, édditional testiﬁgris still required to fully understand the phe-
nomena associated with the hypervelocity impact response of the metallic and
non-metallic materials that will be exposed to the meteoroid and space
debris environment. Specifically, the following recommendations are made fof

inclusion in a future test program to address this need.

1) Perform additional testing at higher impact velocities.

2) Perform additional testing using larger projectiles.

3) Perform additional testing at higher impact obliquities.

4) Perform additional testing of alternate bumper plate materials and
alternate wall configurations.

5) Perform additional testing of different types of glass.

6) Perform additional testing to determine the effects of MLI under the
full range of particle sizes and impact velocities.

7) Perform additional tests using non-spﬁerical érﬁjectiles.

8) Perform additional tests with different density projectiles.

12
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9) Perform tests to determine the effects of internal pressure and wall
curvature on module wall response.
10) Perform tests to define the conditions for pressure wall spallation

without penetration.

The test data produced by such a test program will complement the
existing test database and, together with the existing data, will serve to
establish a new, more comprehensive, more versatile hypervelocity impact

test database.

2.4 References

2.1 Taylor, R.A., "A Space Debris Simulation Facility for Spacecraft Mate-
rials Evaluation", SAMPE Quarterly, Vol. 18, No. 2, 1987, pp. 28-34.
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Table 3.1 Corrections to MSFC/Boeing Hypervelocity Impact Test Database

Test Parameter Current Correct
No. Value Value
EH4B MLI? No Yes
107 0.125 0.175
107A sack Wall 0.125 0.200
107B 0.125 0.225
121-1 Velocity 6.82 6.04
144A 0.250 0.125
144B gﬁ;:kzzii 0.250 0.125
144C 0.250 0.125
1454 Test Article COMP- BMPR CORR - BMPR
1458 S Tvoe COMP-BMPR  CORR-BMPR
145G YP COMP-BMPR  CORR-BMPR
148A 6061-T6 CPR :
1488 R L 6061-T6 CPR i
148C ate 6061-T6 CPR :
158A Impact Angle 650 0° :
163A BMPR 1 4 7
163B Standoff 4 7 :
163A BMPR 2 1 4 )
163B Standoff 1 4 =
BMPR 1 :
1678 Standoff 8 6 5
178A Test Article z
1783 Type COMP - BMPR BOTTLE ;
190p  rest Article oo pUPR  TRPL-BMPR :
Type :
: BMPR 1 :
190B StandoFf 4 12 i
BMPR 2 -
190B Materisl N/A 6061-T6 :
BMPR 2 -
190B Thickness N/A 0.040 =

................................................




BMPR 2

1508 Standoff N/A 8
BMPR 3
190B Matorial N/A 6061-T6
BMPR 3
190B Motorial N/A 0.040
BMPR 3
1908 Material N/A 4
214A 4 8
214B BMPR 1 4 8
214C Standoff 4 8
214D 4 8
Back Wall
301 Thicknoss 0.125 0.160
Back Wall
303A Thicknoss 0.125 0.160
P18-5 Projectile 4 159 0.125
Diameter
P33B
P33B1 MLI? No Yes
P33C
P34 0.125 0.100
P34B 0.125 0.100
P34C ?ﬁgkkwall 0.125 0.100
P34C1 ckness 0.125 0.100
PI4C2 0.125 0.100
P34 .040 0.063
P34C Th?fiiel 0.040 0.063
P34CL S8 . 040 0.063
BMPR 1
P35C Thickness 0.080 0.063
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Section 2.5.1

MSFC/Boeing Hypervelocity Impact Test Database as of March 2, 1989
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Section 2.5.2

Summary of NASA/MSFC Hypervelocity Impact Test Shot Distribution

as of March 2, 1989
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DATA SUMMARY
Date: March 2,1989
Total number of shots: 540

Velocity (km/sec) 7.0<V<8.0" 61
6.0 <V <7.0 165

5.0<V<6.0 94

4.0 <V <5.0 103

3.0 <V <4.0 85

2.0 <V <3.0 31

1.0 <V <2.0 1

540

Diameter (in.) 0.4 <D<O0.5 16
0.3 <D<0.4 218

0.2 <D<0.3 200

0.1 <D<0.2 106

540

Obliquity (deg.) 09 337
15 1

25° 1

30° 11

45° 128

55° 3

60" 10

65° 44

75° 5

540

Configuration Single Wall 11
1 Bumper 396

2 Bumpers 89

3 Bumpers 6

4 Bumpers 3

6 Bumpers 1

Windows 26

Bottles 8

540
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Stand-0ff Distance
(Single Bumper)
Miscellaneous

inches
inches
inches
inches
inches
inches

Y N0~ O

e

Cadmium Bumpers

Cadmium Projectiles
Composite Bumpers
Corrugated Bumpers
Non-1100 Projectiles
Cylindrical Projectiles
Non-2219 Walls

30

334
52

'P—‘U‘lwi—‘

10
10
27
11
34
11
31



Section 2.5.3

Detailed NASA/MSFC Hypervelocity Impact Test Shot Distribution

as of March 2, 1989
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BASELINE PARAMETERS

Pressure Wall Thickness ... 0.125 in.
Stand-Off Distance ........ 4.0 in.
Number of Bumper Plates ... 1
Projectile Shape .......... Sphere
Projectile Material ....... Al 1100
Bumper Plate Material ..... Al 6061-T6
Pressure Wall Material .... Al 2219-T87
Footnotes
1Pressure Wall Material ... Al 5456-H116
2Projectile Material ...... Al 6061-T6
) 8Backwall Thickness ....... 0.188 in.
) “Projectile Material ...... Al 6061-T§; L/D=1.0
SBumper Plate Material .... Al 2219-T87
i 8Stand-Off Distance ....... 12 in. |
: "Stand-Off Distance ....... 6 in.
8Projectile Material ...... Steel
®Projectile Material ...... Lexan
1°Stand—0ff7Distance ...... 8 in.

11Cylindrical Projectile

1ZRBackwall Thickness ...... 0.175 in.
13Backwall Thickness ...... 0.200 in.
14Backwall Thickness ...... 0.225 in.
; 15Backwall Thickness ...... 0.160 in.
| 16Backwall Thickness ...... 0.100 in.
17Backwall Thickness ...... 0.063 in.
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02<D<0.3 03<D<04

0.1 <D <0.2

tg = 0.080

tg = 0.063

tg = 0.040

QV23S4

tg = 0.032

44T4;2-19B7

P-007
pP-008

P-001
P-002
T2-13"!

MD-TEST-A
MD-TEST-B
P-014E’
P-014F’
P-015B’
P-027E
P-027F

T2-1

109¢C
109D

P-0157
P-025B2%7
pP-025C3%7
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w/MLI w/o MLI w/MLI w/o MLI w/MLI

w/o ML



4

V2

tg = 0.040  tg = 0.032

tg = 0.063

ITN/Mm TN O/m

Nn/m TN o/m

/M N o/m

319

333

tg = 0.080

301%°

vo>a>¢€0

€0>a>20

¢c0>a>10
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~£2Y2354

tg = 0.032

tg = 0.063

tg = 0.080

N/m NN o/m

MN/M NN o/m

MN/M NN O/m

T

tg = 0.040

203C

231B

v0o>a>¢0

£€0>a>20

—

¢c0o>a>10

35



0.2<D<0.3 0.3<D <04

0.1<D<0.2

tg = 0.080

tg = 0.063

tg = 0.040 g = 0.032

0V34S4

102D
229B3
229¢ 3

P-016M;
P-016N
T2-1947
T2-7
T2-7A

4

T2-5

T2-8

P-012D
P-013E’
T2-3

r2-14""

PT4A

p-014C’
P-027C
P-027D

101
101A
1098

P-0147
P-014B’
P-014D7
P-015¢’
P-0252%7
P-0254 %7
P-027A
P-028

T2-2
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w/MLI w/o MLI w/MLI w/o MLI w/MLI

w/o MLI



02<D<03 03<D<04

0.1<D<0.2

45V34854

tB = 0.080 tB = 0.063 tB = 0.040 tB = 0.032
| 1s 1 7 . )
321 303A
320
105 11442 114B
— —————— |
205E
113A2
=="Lfl* —— — e et—
230B 334 :
206D 202A
206E 202B
222C
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w/o MLI w/MLI w/o MLI w/MLI

w/MLI

w/o MLI



60V3454

tg =0.040 g =0.032

tg = 0.063

tg = 0.080

/M

TN o/m

NTN/m

TN o/m

TN/m N O/Mm

-

11472

1132

vo>a->¢0

€0>0>20

¢co0>a->1o0

38



0.2<D<03 03<D<04

0.1<D<0.2

tg = 0.080

tg = 0.063

€2V3454

tg = 0.040 g =0.032

__T

203B
203F

|

224C"

208C

204D

231A
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w/MLI w/o MLI w/MLI w/o MLI w/MLI

w/o MLI



75V34S4

tg = 0.032

tB = 0.063

tg = 0.080

TN/Mm TN oO/m

MWA/MA NN o/m

NMN/M NN o/m

tBr= 0.040

105B

vo>a=>¢0

£€0>0a>2¢0

¢c0>a->10
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0.2<D <03 03<D<04

0.1<D <0.2

tg = 0.080

tg = 0.063

tg = 0.040

Q4254

tg = 0.032

102¢C

P-016L7
P-016P’
P-020F’
P-020G’
p-020H’
T2-17
T2-197

2154°

2134°

m

PT8A
PT8B
T2-207
T2-6A

225B7
225¢7
PT6A
T2-6

i

P-012C
P-024G27
T2-4
P-034C-1*°
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Section 2.5.4

Gaps in NASA/MSFC Hypervelocity Impact Test Database

as of March 2, 1989
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NOTATION KEY

L) .0.3<D<«<0.4
M) . 0.2<D<x<0.3
S) . 0.1 <D<«<O0.2
VEL ........ impact velocity range in km/sec
NO SHOTS ... no tests have been performed in that

velocity range at any bumper thickness

X SHOTS AT t = .yyy .... X tests have been performed at
bumper thickness t = .yyy in.;
no other tests in that velocity
range have been performed at any
other bumper thickness

NO SHOTS AT t = .yyy ... no tests have been performed at
bumper thickness t = .yyy in.;
other thicknesses have been used
in testing

XXXXX ... full range of testing performed in this
velocity range for this projectile size
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NORMAL SHOTS

VEL W/MLI W/0 MLI
2-3 L)1 SHOT AT t = .063 L)NO SHOTS
M)2 SHOTS AT t = .063 M)2 SHOTS AT t = .063
S)NO SHOTS AT t= .080 & 0.32 S)NO SHOTS AT t = .040 & .032
3-4 L)NO SHOTS AT t = .032 L)1 SHOT AT t = .063
M)NO SHOTS AT t = .080 & .032 M)2 SHOTS AT t = .063
5$)3 SHOTS AT t = .063 SYNO SHOTS AT t = .032
4-5 L)NO SHOTS AT t = .032 L)NO SHOTS AT t = .032
M)NO SHOTS AT t = .080 & .032 M)NO SHOTS AT t = .032
S)NO SHOTS S)NO SHOTS AT t = .040 & .032
5-6 L)NO SHOTS AT t = .032 L) XXXXX
M)NO SHOTS AT t = .80 & .032 M)NO SHOTS AT t = .032
S)NO SHOTS S)NO SHOTS
6-7 L)NO SHOTS AT t = .080 & .032 L) XXXXX
M)3 SHOTS AT t = .063 M)NO SHOTS AT t = .080
S)NO SHOTS S)1 SHOT AT t = .063
7-8 1L)3 SHOTS AT t = .063 L)NO SHOTS AT t = .040 & .032
M)NO SHOTS M)NO SHOTS AT t = .080 & .032
S)NO SHOTS S)NO SHOTS AT t = .040 & .032
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OBLIQUE SHOTS 30 DEG

VEL W/MLI W/0 MLI
2-3 L)NO SHOTS L)NO SHOTS
M)NO SHOTS M)NO SHOTS
S)NO SHOTS S)NO SHOTS
3.4 L)NO SHOTS L)NO SHOTS
M)NO SHOTS M)NO SHOTS
SYNO SHOTS S)NO SHOTS
4-5 L)NO SHOTS L)NO SHOTS
M)NO SHOTS M)NO SHOTS
S)NO SHOTS SI)NO SHOTS
5-6 L)NO SHOTS L)NO SHOTS
M)NO SHOTS M)1 SHOT AT t = .063
SYNO SHOTS $)1 SHOT AT t = .063
6-7 L)NO SHOTS L)NO SHOTS
M)NO SHOTS M)4 SHOTS AT t = .063
S)NO SHOTS $)1 SHOT At t = .063
7-8 L)NO SHOTS L)1 SHOT AT t = .063
M)NO SHOTS M)3 SHOTS AT t = .063
S)NO SHOTS S)NO SHOTS
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OBLIQUE SHOTS 45 DEG

VEL W